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We define a CP-asymmetric observable that is sensitive to CP-violating interactions in the gauge-
boson sector. We illustrate the utility of this observable by studying how well the LHC can measure
the coefficient of a particular dimension-six WWZ operator. We find that sensitivity at the 10−3
level is possible at the LHC with 100 fb−1 of integrated luminosity, which would greatly exceed the
sensitivity achieved at LEP, and would rival or may even better the indirect sensitivities inferred
from related operators constrained by electric dipole moment experiments.
Probing CP-violation
One of the most well motivated possibilities for new
physics is CP-violation. Many new experimental probes
of CP-violation have been studied, both at accelerators
and at other experiments. There are several reasons for
this. Firstly, CP-violation has been observed in kaon
decays and there is great interest in determining all pos-
sible theoretical sources of new physics which could con-
tribute, as well as possible new experimental signatures
of CP-violation. Secondly, CP-violation is required for
baryogenesis. The known source of CP-violation in the
Standard Model (SM) – the CKM phase – is not suffi-
cient to generate the known baryon asymmetry, and so
some other source is needed.
In many models, large CP-violation can be induced
in the gauge boson sector. For instance, an exotic
fermion coupled to the electroweak bosons can induce
CP-violating couplings. The large number of fermions
that can arise in intersecting brane models of string the-
ory could thus be a source of large CP-violation in the
gauge-boson sector. It is therefore of great interest to
look for the effects of such new physics (related triple
gauge boson coupling signatures from string theory have
been discussed in [1]).
In this paper, we discuss the possibility of probing
CP-violation in the gauge-boson sector at colliders, and
in particular, at the Large Hadron Collider (LHC). We
introduce observables that are directly sensitive to CP-
violation, and argue that they can be utilized to probe
CP-violating couplings at a wide variety of accelerator
experiments, and for a large class of new physics models.
We apply this to a specific operator which contributes
to the WWZ vertex, and show that collider searches can
improve current bounds on this operator by well over an
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order of magnitude.
CP violation in the WWZ triple gauge couplings
We begin by considering new physics that modifies the
WWZ vertex. The WWZ vertex can, up to general di-
mension six operators, be parameterized in terms of the
effective Lagrangian [2]
iLeff = gWWZ
[
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]
(1)
where Wµν = ∂µWν−∂νWµ, Zµν = ∂µZν−∂νZµ. In the
SM, gZ1 = κZ = 1, and all the other terms are zero.
In this Lagrangian, gZ1 , κZ , λZ , g
Z
5 are CP-conserving,
and the other terms are CP-violating. The CP conserving
operators have been studied in great detail [3], and the
bounds on these parameters have been analyzed (see e.g.,
LEP studies in [4]). The CP-violating operators have also
been studied at colliders [5, 6], but the bounds are only
at best ∼ 0.1. The DELPHI Collaboration [6] used the
process e+e− → W+W− → lνqq¯(l = e/µ) to obtain the
measurements
gZ4 = −0.39+0.19−0.20, (2)
κ˜Z = −0.09+0.08−0.05, (3)
λ˜Z = −0.08± 0.07 (4)
LEP and Tevatron sensitivities to the related coefficient
λ˜γ are only at λ˜γ ≤ 0.3 [7, 8].
We will now consider the sensitivity to the LHC to
these coefficients. We consider a scattering process with
matrix element M0 + δM, where M0 is the SM matrix
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2element and δM is the contribution arising from new
physics. The leading change in the cross-section due to
new physics is then the interference term
δσ ∝ <(M0δM∗). (5)
We now wish to look for CP-violating physics in the
interference effects. We assume that the SM matrix ele-
ment is CP-conserving; this will be the case in any pro-
cess for which fewer than three generations participate.
Even more generally, the only source of SM CP-violation
is the small contribution from the CKM phase, and we
assume new physics to carry the larger contribution. This
assumption is especially warranted if we envision the new
CP-violation as accounting for the baryon asymmetry.
To look for the effects of new physics, we note that a
term in the cross-section proportional to µνρσ is always
a signal of CP-violating physics. One way to see this is
that such a term is odd under naive time reversal (the flip
t→ −t). This suggests that it will probe a CP-violating
term. Indeed explicit computations using the effective
Lagrangian (1) show that all terms proportional to the
epsilon tensor in the interference term are proportional to
CP-violating coefficients. Note that gZ5 is the coefficient
of a parity violating, CP-conserving operator which also
is proportional to the  tensor. But because this term
comes with an imaginary coefficient, it will cancel out of
the interference cross-section.
We will therefore focus on terms in the cross-section
proportional to δσ ∝ µνρσ. Experimental signals
of these terms can be used to probe the couplings
gZ4 , κ˜Z , λ˜Z . In this note, we shall discuss the experi-
mental sensitivities on λ˜Z , leaving the more exhaustive
analysis for future work.
Signals of CP-violation
One can write the first-order shift in the differential
cross-section for the process qq¯ →W ∗ →WZ → lνZ as
dσ =
1
12
1
2Eq2Eq¯|vq − vq¯|
 ∏
f=l,ν,Z
d3pf
(2pi)3
1
2Ef

×(2pi)4δ4(P +
∑
p)×<(2M0δM∗). (6)
The SM matrix element M0 is given by W ,Z produc-
tion via t- and u-channel exchange of a quark, and by
s-channel production of an off-shell W ∗ boson decaying
to W , Z via the SM WWZ vertex
Γµνρ = ie cot θW (k1µgνρ − k1ρgνµ − k2µgνρ
+k2νgρµ + kZρgµν − kZνgµρ) (7)
Here k1,2 are the momenta of the W ’s and kZ is the
momentum of the Z.
If λ˜Z is nonzero, the WWZ vertex is shifted by a term
of the form
δΓµνρ = e cot θW
ıλ˜Z
M2W
(k2νµρστkσ2 k
τ
1 + k1ρµνστk
σ
2 k
τ
1
−k1 · k2µνστkσ2 kτ1 ) (8)
This vertex will lead to a potentially observable correc-
tion to the cross-section for WZ production at the LHC.
The immediate difficulty is that a spin-averaged 2→ 2
scattering process cannot yield a term in the cross-section
proportional to the epsilon tensor. This is because there
are only 3 independent momenta in a 2 → 2 process,
while the  contribution will be non-zero only if con-
tracted into 4 independent momenta. For example, one
cannot detect an asymmetry in the spin-averaged process
qq¯ →WZ.
To obtain an asymmetry, one must keep track of the
polarization of the outgoing gauge bosons. There is a
vast literature on measuring W - and Z-polarizations, via
asymmetries in their decays to leptons or jets. A com-
plete analysis using these polarizations is left for future
work. For this analysis, we shall instead focus on a par-
ticular decay channel W → lν, Z → ll which has a clean
trilepton signal. This will enable us to use the back-
ground analysis of [9].
Specifically, we denote by pq and pq¯ the momenta of
the incoming quark and antiquark respectively, and by pl
and pν the momenta of the lepton and neutrino arising
from the decay of the outgoing W . We treat the Z as
an outgoing particle with momentum kZ , since it can be
reconstructed easily using the Z → l+l− decay product
leptons. Then we will have new terms in the cross section
proportional to
µνρσ(pq + pq¯)µ(pq − pq¯)νpρl kσZ (9)
As explained above, such a term is a direct probe of CP-
violation.
For the form of dσ given above, the integrated change
in the cross-section will vanish. To obtain a nonzero re-
sult, we must weight the events by an asymmetric ob-
servable which is itself parity-asymmetric, for instance,
the sign of a triple-product. We further observe that pq
and pq¯ have non-zero components only along the time
and beam axes. This implies that the outgoing lepton
and Z contraction into the  is proportional to kTZ × pTl .
Hence, for our asymmetric observable, we should weight
events by the sign of the cross-product pq · (kZ × pl).
But we cannot measure the momentum of the quark,
and there is a 4-fold ambiguity in its reconstruction. We
will instead use the momentum of the Z along the beam
axis as a proxy for the quark momentum. Since the quark
typically has a larger momentum fraction than the anti-
quark, the Z-boson will typically move in the same direc-
tion along the beam axis as the quark. Through numer-
ical simulations we find that this correlation is >∼ 70%,
3so the CP-asymmetry will not be degraded significantly
by choosing the Z momentum as the proxy for the quark
momentum.
We will therefore weight events by
Ξz±(kZ , pl) ≡ sgn(kzZ)sgn(pl × kZ)z (10)
as a substitute for the more direct, but unmeasurable full
triple product. Although this substitution is imperfect, it
should provide for a non-vanishing weighted cross-section
and a striking test of CP-violation if it is present. The
resulting asymmetric observable is then obtained by in-
tegrating the sign-weighted differential cross-section
∆σ =
∫
dσ(pp→W ∗ →WZ) Ξz±(kZ , pl) (11)
Experimentally, this observable is measured by counting
trilepton events weighted by a sign determined from the
observed momenta.
Event rates
Considerable effort has been expended in determining
the ability of the LHC to probe corrections to the WWZ
vertex, particularly through the pp → WZ → lllν chan-
nel. We can therefore make use of the cuts and back-
grounds determined for previous WWZ analyses.
We will here follow the analysis presented in [9]. The
following cuts were used in this analysis:
• Three isolated electrons or muons with |η| < 2.5
and |PT | > 25 GeV.
• Two leptons are of like flavor and opposite sign,
and reconstruct to an on-shell Z within 10 GeV.
• Missing PT > 25 GeV
• No other charged leptons with |η| < 2.5, |PT | >
25 GeV
• There exists a solution for neutrino momentum
that reconstructs to an on-shell W
Subject to these cuts, the number of events with 30 fb−1
of integrated luminosity was found to be ∼ 2500, includ-
ing both tree-level WWZ processes and other SM con-
tributions [9].
These events will be distributed symmetrically. We
therefore expect to have ∼ 1250 events with one particu-
lar sign of the Ξz±(kZ , pl), and ∼ 1250 events with the op-
posite sign. The net expected value of the observable ∆σ
is thus zero. However, due to the statistical uncertain-
ties, the observable will have a variance of
√
2500 ∼ 50.
To have a signal-to-background ratio of 5, we need ∼ 250
asymmetric events with 30 fb−1, and by extrapolation,
∼ 460 asymmetric events with 100 fb−1 of data.
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FIG. 1: Plot of ∆σ asymmetry cross-section as a function of
λ˜Z . Lines (a), (b) and (c) correspond respectively to ∆σ in
the cases where no kinematics cuts are imposed, kinematic
cuts on the Z decay products are imposed, and the full kine-
matic cuts are imposed. Lines (d) and (e) correspond to the
required ∆σ for 5σ and 95% confidence reach, respectively.
Note that the number of asymmetric events required
is still only ∼ 10% of the number of tree-level events.
This is consistent with a small linear asymmetric cor-
rection, where the quadratic piece can be ignored when
computing the statistical significance of the ∆σ asymme-
try signal.
Results
We can now calculate the reach of the LHC for the
vertex (8). We compute the linear interference term in
the pp → W ∗ → WZ cross-section by computing the
Feynman diagrams associated with qq¯′ → WZ. There
are four such diagrams, three of which are SM diagrams
(s-channel W ∗ exchange, and t and u-channel quark ex-
change diagrams), and one is the CP-violating interac-
tion diagram (s-channel W ∗ exchange with CP-violating
WWZ interaction). We then generate a large num-
ber of events using PYTHIA 6.401 [10], modified to in-
clude the CP-violating interaction and the weighted signs
Ξz±(kZ , pl). We calculate the cross-section for the asym-
metric observable at the LHC to be
∆σ ' λ˜Z × (3× 103 fb). (12)
As shown above, we need ∼ 460 asymmetric events for
a 5σ detection of this operator with 100 fb−1 of data. We
conclude that LHC should be sensitive to the λ˜Z operator
coefficient at the level of
λ˜Z <∼ 0.002 (13)
with 100 fb−1 of data. This is almost two orders of mag-
nitude better than the results of the LEP2 experimental
measurements.
4The level of sensitivity is similar to the sensitivity that
EDM experiments have to λ˜γ and κ˜γ [11, 12, 13], the
coefficients of related CP-violating operators. The sen-
sitivity limits there are approximately |κ˜γ | < 5.2× 10−5
and |λ˜γ | < 0.019 [13]. Although λ˜Z is the coefficient of
a different operator, it is often thought that limits on
any CP-violating operator apply to the rest of the opera-
tors since they are presumably related by the underlying
theory. We have no strong opinion on this connection,
but merely note here that under this philosophy the LHC
sensitivity rivals or may better that of EDMs.
Additional Applications
In this letter we have illustrated the general features
of an interference analysis which is very sensitive to CP-
violating physics. The interference analysis we presented
can be applied to a wide variety of processes at different
experiments. For example, CP-violating corrections to
the WWZ vertex can also be studied at the Tevatron [14],
through the process pp¯ → W ∗ → WZ → lllν. Although
the number of events in the sample is currently low –
approximately 13 candidate events in 1 fb−1 at D0 [15] –
some useful bounds may be obtainable if the luminosity
increases substantially and the CDF and D0 experiments
are combined.
Similarly, one can probe CP-violation in the WWZ
vertex at linear colliders [16] via the process e+e− →
Z∗ →W+W− → lνlν. Note that the natural channel for
observing this effect operates when running well above
the Z-boson pole. As such, this type of analysis could
provide a very sharp tool at the ILC.
One can furthermore study a variety of similar CP-
violating operators at the LHC, such as λ˜γ . Due to the
comparable efficiency in detecting the γ as opposed to
the Z, one expects that the sensitivity to this operator
at hadron colliders is similar to the sensitivity to λ˜Z .
However, one would have to consider the background in
detail in order to assess the detection possibilities.
Lastly, one can certainly probe CP-violation beyond
the WWZ and WWγ vertices using this type of interfer-
ence effect. For example, CP-violation in the Higgs sector
can manifest itself in H∗ → ZZ decays after applying a
similar analysis.
These channels are currently under study, and we hope
to report on them soon.
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